INTRODUCTION
We have recentLy reported the use of an enzyme preparation from E. coli B to add a single deoxyribonucleotide derived from a deoxyribonucleoside-5' diphosphate to the 3'-terminus of an oligodeoxyribonucleotide (1) . The objective of these experiments is a convenient method for the stepwise synthesis of oligodeoxyribonucleotides of defined sequence. The present paper describes the properties of the enzyme which was originally discovered by Hsieh (2, 3, 4) as an activity which polymerizes deoxyribonucleoside-5 1 diphosphates. Comparison indicates that the enzyme is probably identical with E. coli polynucleotide phosphorylase (5) . Similar conditions to those previously applied to polynucleotide phosphorylase to achieve oligoribonucleotide synthesis (6) have been successfully applied to the synthesis of oligodeoxyribonucleotides, and the basic procedures are described. A following paper will describe the application of the method to the preparation of a variety of oligodeoxyribonucleotides (7) . After two hours extraction at 0°, the g e l w a s removed by centrifugation and 50 ul of the eluate w a s used for assay of ADP polymerization and 150 yl for dADP polymerization activity. To localize the protein bands, the gels were stained overnight with 0.25% Coomassie Brilliant Blue in 7.5% acetic acid, and destained with 7.5% acetic acid.
Deoxyoligonucleotide synthesis -T h e reaction mixture (1 m l ) contained primer; radioactive deoxyribonucleoside-5 1 -diphosphate 1.5 umoles; MnCl2, 10 umoles; N a C l , 3 0 0 umoles; 2 m e rcaptoethanol, 15 umoles; Tris-HCl (pH 8 . 5 ) , 100 umoles and enzyme, 1.8 mg. Reaction mixtures were incubated at 37° for 4 hours and stopped by addition o f 0.4 m l of 0.1M EDTA, pH 7.0. T h e reaction mixture was analyzed on a DEAE-ctilulose column (1.2 x 10 cm) in the carbonate form. T h e column w a s eluted a t 25° using a linear gradient o f ammonium bicarbonate. The p r o d u c t s , pd(As) and pd(A6) were first dephosphorylated with E . coli alkaline phosphatase and t h e oligonucleotides were freed o f phosphomonoesterase by paper chromatography in solvent 2. T h e nucleotide compositions o f t h e dephosphorylated o l i g onucleotide were determined by degradation of each oligonucleotide with snake venom phosphodiesterase at 37° for 3 hours and separation of the nucleotides by paper chromatography. Paper chromatography w a s carried o u t in descending fashion in the following systems: 
RESULTS
Specificity of the enzyme. Polynucleotide phosphorylase from E. coli can catalyze the addition of a single dAMP residue from dADP onto the 3'-OH terminus of oligoriboadenylic acids in the presence of Mg (13, 14) . Polynucleotide phosphorylase from Micrococcus luteus can readily catalyze the formation of copolymers containing AMP and dAMP residues when Mn replaces Mg in the reaction (15) . Since the E. coli enzyme, with the appropriate cation catalyzes the polymerization of ADP at a much faster rate than that of dADP (1, 2) , it was of interest to examine whether the various enzyme fractions obtained during the different steps of purification would show the same relative degree of purification when assayed by the polymerization of dADP and ADP. Comparison of the two activities during the process of purification showed that they are associated throughout (Table 1 , Fig. 1 ). The difference in the ratio of activities at different stages could be due to the presence of ribonucleases in the crude homoge'hate and early fractions. Thang et. al. (16) have shown that in E. coli B and K12, there is small quantity of a low molecular weight polynucleotide phosphorylase which catalyzes only the phosphorolysis of polyribonucleotides. The possibility of the catalysis of dADP polymerization by a low molecular weight enzyme was examined by determining polymerization activities for dADP and ADP after chromatography of the enzyme on Sephadex G-200 and Sepharose 6B columns. The elution profile and enzymatic activities from the Sepharose 6B columns is shown in Fig. 2 . It is evident that there was no separation of the two activities.
Thermal Stability of the enzyme with respect to dADP and ADP polymerization reactions: It is known that polynucleotide phosphorylase from E. coli is stable up to 55° and that poly A protects the enzyme against thermal inactivation (17) . If the polymerization of dADP and ADP reactions are carried out by separate enzymes the stability can be used as a tool to distinguish between the two. The results of experiments along these lines are given in Fig. 3 . It is clear that under these conditions, both polymerization activities followed the same Fraction No.
Chromatography on Sephadex G-200
Protein from the phosphocellulose step (58 mg in 5 ml) was applied to a Sephadex G-200 column (1.5 x 90 cm) which had been equilibrated with the eluting buffer (0.05 M, Tris-HCl, pH 7.8; 0.01 M, 2-mercaptoethanol; 0.05 M, NaCl; 5% glycerol). Fractions were collected at 30 minute intervals at a rate of 1 ml/10 minutes. The enzyme from the Sephadex G-100 f r a c t i o n (7 mg in 1 ml) was a p p l i e d t o a Sepharose 6B column (1.2 x 60 cm) which had been e q u i l i b r a t e d with e l u t i n g buffer (0.05 M; Tris-HCl, pH 7 . 8 ; 0.01M 2-mercaptoethanol; 0.05 M, NaCl; 5% g l y c e r o l ) .
The column was e l u t e d with t h i s buffer a t a flow r a t e of 1 ml/30 minutes. F r a c t i o n s were c o l l e c t e d a t 20 minute i n t e r v a l s . patterns with a precipitous fall in the enzymatic activity to nearly complete inactivation at 60°C. Poly A protected both activities slightly against heat inactivation. The true specificity of the enzyme is also shown by the finding that ADP but not dADP protected the enzyme against heat denaturation. Disc gel electrophoresis in polyacrylamide: This also showed that the polymerizing activities utilizing ADP and dADP were not separable. Electrophoresis was carried out at pH 8.7 in 5% acrylamide gels. The gel was sliced, proteins were eluted from the slices with buffer, and the eluate was used for both dADP and ADP polymerization. Fig. 4 shows that both activities coincide.
Thus, at no stage of purification was there evidence of separation of these two activities. It was concluded that native polynucleotide phosphorylase of E. coli catalyzes the polymerization of deoxyribonucleoside diphosphates in the presence of Mn . Deoxyribonucleotide diphosphates are, however, poor substrate for the enzyme. Effect of salt and temperature: During the early stage of enzyme purification, it was found that there was no detectable dADP polymerization activity after DEAE-cellulose chromatography if NaCl were not removed before the assay. The effect of NaCl on the dADP and ADP polymerization activities was investigated. Fig. 5 shows the marked effect of NaCl on both polymerization activities. dADP polymerization is inhibited about 90% by NaCl at 0.2M. In contrast, NaCl stimulated ADP polymerization about 4-fold at 0.4M NaCl. This observation suggested that a different form of the enzyme might be responsible for the dADP polymerization as compared with that for ADP polymerization.
The rates of the two reactions observed at various temperatures are shown in Fig. 6 . It can be seen that dADP polymerization activity decreased sharply above 45°C, whereas that for ADP did not.
Lucas and Grunberg-Manago (17) have reported that the optimal temperature for the polymerization of ADP and GDP is about 60°C, while that for CDP and UDP is between 45 and 55°C. Thus, while the temperature effect may be interpreted in terms of an effect on the enzyme, it is equally plausible to explain 
SLICE NO.
Activities of dADP polymerization in samples from polyacrylamide gel electrophoresis.
100 yg of enzyme was applied to each gel (5% acrylamide). Electrophoresis was at 4°C for 2 hours. The reaction was carried out at 37° for 60 min. The specific activities for ADP and dADP are respectively 7. The assay conditions for dADP and ADP incorporation were as described in Methods, except for the addition of NaCl to the system. The concentration of ADP in this experiment was lOmM. The reaction conditions were as described in the text. The incubation was for 20 minutes. The enzyme concentration was 50 pg per assay. ADP polymerization ( a -Q -D ) ; dADP polymerization ( A -A -A ) .
The enzyme concentration was 50 pg per assay. ADP polymerization ( D -O -O ) ; dADP polymerization ( A -A -A ) .

NaCl (M)
the different temperature stability in terms of the properties of the polynucleotide. The specific activity of the enzyme was determined at different protein concentrations when the activities were assayed at 37° and 50°C. Results are shown in Fig. 7 . It was found that the specific activity of the enzyme does not vary with protein concentration in the range from 0.05 to 1.0 mg/ml, either in dADP or ADP polymerization, when assayed at 37°C. However, there was a parallel decrease in both specific activities at 50° when the enzyme concentration was higher than 0.6 mg/ml. The results appear to rule out the possibility that different polymeric forms of the enzyme are the active forms for dADP and ADP polymerization reaction.
Tryptic digestion of enzyme; Klee (18) was able to isolate primer-dependent polynucleotide phosphorylase from Micrococcus luteus after trypsin treatment. An attempt was made to study the effect of tryptic.digestion on the catalytic activities of the E. coli enzyme towards dADP and ADP. As shown in Table II , the dADP polymerization activity is markedly decreased after the trypsin treatment while there was only 50% decrease in the ADP polymerization activity. Though the activities for these two substrates were differentially decreased, in neither case did trypsin produce a primer-dependent form of the enzyme (Table II) .
Effect of MaCl on the additions of ppdA to pd(Ai.) primer: Attempts to limit the enzymatic reaction to the addition of a single nucleotide residue to the primer by reducinn the concentration of enzyme and limiting the time allowed for reaction were not successful. In the incubation mixtures of optimal composition for rate of reaction either no product was formed or the product consisted of primer to which several nucleotide residues had been added. These results suggest that under these conditions primer is bound to the enzyme, accepts a nucleotide residue and the product, without dissociating from the enzyme, serves as primer for further addition. Under these conditions it would be necessary to mix equivalent portions of enzyme, primer and deoxynucleoside diphosphate to obtain acceptable yields of the desired product. Protein concentration, mg/ml The assay conditions were essentially as described in Methods, except that the ADP concentration was 10 mM and the enzyme concentration was varied. The incubaticr. time for ADP polymerization was 10 minutes and for dADP f-rly--rization was 20 minutes. •* Assayed in the presence of 0.9 umoles of ApA. Enzyme (4.7 mg) in 1 ml storage buffer was incubated with trypsin (12.5 ug) at 25°C for 30 min, and the reaction was stopped by the addition of soyabean trypsin inhibitor (12.5 yg) . The enzyme was freed of trypsin, trypsir. inhibitor and trypsin-inhibitor complexes by passing the reaction mixture through Sephadex G-100 column (1.2 ^c 60 cm) which had been pre-equilibrated with the storage buffer. The assay conditions were as described in Methods. The specific activity of dADP and ADP were 2.53 x 10 3 cpm/nmole and 1.26 x lO'/cpm/nmole respectively. 10 mM MgCl 2 was used for ADP polymerization. The concentration of the enzyme used in the assay was 50 ug.
we chose to examine the effects of ionic strength of the incubation mixture on the products. Sodium chloride, for example, in the case of polynucleotide phosphorylase, assists the dissociation of enzyme and product, thus tending to equlaize the probability that each substrate molecule will interact with the enzyme (5,6). Table III shows the products obtained from addition of deoxyadenylyl residues from deoxyadenosine diphosphate to pd (A >.) in the presence of several concentrations of sodium chloride. The extent of reaction decreased with increasing concentrations of salt. The proportion of higher addition products also decreased. In the presence of 0.6M sodium chloride the principal product was pd(As). In this series of experiments the highest yield of the desired product was obtained in the solution containing 0.3M sodium chloride.
This concentration was chosen for use in further studies. Obviously, where the addition of more than one nucleotide residue is required a different salt concentration would be chosen. Phorphorolysis of primer. In using these methods for the controlled synthesis of oligodeoxynucleotides it is important to minimize the possibility of depolymerization of the primer. Our preparation of enzyme seem to be largely free of nuclease activity but phosphorolysis of the primer does occur. We have chosen to express the degree of phosphorolysis in a reaction adding one radioactive nucleotide residue to a primer containing n residues as the ratio of radioactivity in the product having n residues to that of the material of n + 1 residues, expressed as a percentage. Note that where every molecule of primer is degraded by one residue in this way, the figure would be 50%. As would be expected, the extent of phosphorolysis increased with the length of time of incubation, while the yield of the desired product decreased (Table IV) . Phosphorolysis was therefore minimized by limiting the duration of the reaction. DISCUSSION Deoxynucleotidyl transferase from calf thymus has been used (19) to catalyze addition of deoxynucleoside triphosphates to a primer in order to prepare certain oligodeoxynucleotides. As a synthetic method this has the disadvantage that the pro- The enzyme preparation used here was from E. coli B. Initial preparation followed the procedure described by Hsieh (2) for a similar activity from E. coli W3110 polAi. The possibility that polymerization of deoxynucleoside diphosphates was due to the breadth of the substrate specificity of-E. coli polynucleotide. phosphorylase (20) was confirmed by the finding that throughout the purification of the enzyme the two activities are inseparable. Since the rate of polymerization is greatly dependent on the concentrations of both nucleoside diphosphates and metal ion, the relative rate of ADP and dADP polymerization varied with respect to the experimental conditions used. However, at all stages the polymerization of ribonucleoside diphosphates was much greater than that of deoxynucleoside diphosphates. In the presence of high salt concentration or after mild treatment with trypsin the activities were differentiated from each other.
Both these treatments might be expected to alter conformations around the active site of the enzyme, perhaps favouring polymerization of one class of substrate over the other.
In general, polynucleotide phosphorylase from Micrococcus luteus possesses similar properties to polynucleotide phosphorylase from E. coli, though tryptic degradation of the M. luteus enzyme markedly affects its properties with regard to requirements for a primer. We have used the M. luteus enzyme for the synthesis of deoxyoligonucleotides (21) . It was found that under the same reaction conditions, this enzyme also adds a single deoxyribonucleotide residue to a deoxyoligonucleotide primer but with low yield (0.2-1%). A similar yield was obtained with the primer-dependent enzyme. The reason for the low yield is probably the lower specific activity of the pure M. luteus polynucleotide phosphorylase as compared with that from E. coli (5) . In addition, the M. luteus enzyme seems to have higher substrate specificity for ribonucleoside diphosphates (21) . Possibly the yield can be improved by using very high enzyme concentration or different reaction conditions.
Because the enzyme is similar in properties to polynucleotide phosphorylase, it was logical to try the method used by Thach (6) for synthesis of ribo-oligonucleotides. The basis of this method is the use of high concentrations of salt to inhibit polymerization. The results reported here indicate that this approach is successful and also that the problem of phosphorolysis of primer is minimal (6) . The following paper (7) 
